
Spectroscopic Studies of Diatomic Gallium Halides

V. B. Singh a…

Department of Physics, Udai Pratap Autonomous College, Varanasi 221002, India

~Received 15 December 2003; revised manuscript received 19 June 2004; accepted 1 June 2004; published online 9 March 2005!

An extensive study of the available spectroscopic information on four gallium mono-
halides has been conducted. The literature survey extends to early 2003 and the experi-
mental and theoretical data on the molecular constants for the ground state, as well as for
the excited states of these molecules, is presented. A brief discussion on the spectroscopic
properties of different electronic states, ionization potentials, ground state dissociation
energies, and percentage ionic character are given. The Rydberg–Klein–Rees potentials
for the electronic states and centrifugal distortion constants for the observed vibrational
levels for the electronic states of GaX (X5F, Cl, Br, and I! are also presented. ©2005
American Institute of Physics.@DOI: 10.1063/1.1797791#
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1. Introduction

Metal halide vapor show many physical and chemi
properties that make them attractive as possible la
medium.1–4 Ultraviolet ~UV! photodissociation of heavy IIIA
group monohalide molecules has turned out to be a v
effective pumping process for atomic resonance laser ac
in one of the photofragments. Recently new emission spe
reported by Venkatsubramanianet al.,5 has indicated the
prospects of gallium monohalide molecules as an effici
excimer laser system. The gallium monohalides play an
portant role as intermediates in the production of new hi
frequency and opto-electronic semiconductor devices.6 GaCl
has practical importance in the manufacture of advan
GaAs semiconductor devices where gas-phase chlorin
reagents are used commonly to modify the GaAs surface7–9

Studies of chemical vapor deposition also indicate that g
phase GaCl can deposit gallium atoms on to a Ga
surface.10 All these application oriented studies have emph
sized the need for basic data on the spectroscopic prope
of these monohalide molecules.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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2424 V. B. SINGH
Spectroscopic investigations on the diatomic halides
gallium have been the subject of much interest for a lo
time.11–19 The general behavior of the spectrum of galliu
monohalides is very similar to the one described for indi
monohalides.1 Three low lying electronic statesA 3P0 ,
B 3P1 , and C 1P1 are known through transition to th
ground stateX 1S1 in all these molecules. Rydberg states a
also reported only for GaCl. This group of IIIA group mon
halides is amongst the least studied~until 1990! from the
spectroscopic view point due to the presence of two equ
abundant isotopes of Ga which results in a complex str
ture. However, recently a number of theoretical and exp
mental works on the electronic spectrum of these molec
have been reported.

In 1933, Partrikaln and Hochberg11 first observed the elec
tronic spectrum of the GaCl radical. Miescher and Wehrli12,13

recorded the electronic band spectrum of GaCl, GaBr,
GaI in both emission and absorption. This proved the sta
ity of gallium monohalides in the gas phase and these
thors determined the molecular constants for the ground
well as for the low lying excited states (A 3P0 andB 3P1) of
these molecules. They also identified an additional exc
(C 1P1) state. About 2 decades later Levin and Winans14

Welti and Barrow,15 Barrow et al.,16,17 and Bartky19 reana-
lyzed the spectra of diatomic gallium halides. Later, Savit
et al.,20 Lakshminaryana and Sethumandhavan,21 Borkowska
and Zyrnicki,22 and Griffithet al.23 extended the work on the
electronic spectrum of these molecules at an improved r
lution. Recently, Mahieu et al.,24 Borkowska and
Zyrnicki,25–27and Saksena and co-workers28–31reported fur-
ther studies at high resolution.

Grabandtet al.32 investigated the photoelectron spectra
gallium monohalide molecules. They have also carried
the Hartree–Fock–Slater~HFS! type density functional
theory ~DFT! calculations with a pseudopotential techniq
on these molecules. Deardenet al.33 reported the resonanc
enhanced multiphoton ionization~REMPI! spectra of GaCl
and they have assigned five Rydberg series involving 20
electronic states reported for the first time. Balasubraman
and co-workers34,35 investigated the electronic structure
GaCl and GaBr molecules withab initio complete active
space multiconfiguration self-consistent field~MCSCF!
~CASSCF! calculation followed by the method of first an
second order configuration interactions. Yoshikawa a
Hirst,36 Kobus et al.,37 Mochizuki and Tanaka,38 and
Bauschlicher39 performed further theoretical studies on t
electronic structure of these molecules. Recently, Du
et al.40 have calculated the potential energy curves and sp
troscopic constants for the low-lying electronic states of g
lium monoiodide by the method of multi reference single a
double configuration interaction~MRDCI! based on relativ-
istic effective core potential. They also estimated the rad
tive lifetime of the3P states from the transition probabilit
data for the first time. Most recently Yanget al.41 calculated
the spectroscopic constants of the ground state as well a
low-lying excited states of GaX (X5F, Cl, Br, and I! mol-
ecules using the DFT. In this work, different local dens
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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approximations~LDAs! and general grading approximation
~GGAs! and relative relativistic correction are used to pe
form the total energy computation for these molecules. M
recently, anab initio study of the ground and valance excite
states including spin orbit coupling effects of GaCl ha
been performed by Yanget al.41b The transition properties o
low lying excited states are predicted. A high resolution
frared emission onDv51 bands was reported by Ueha
et al.42 First measurements of pure rotational transitions
gallium monohalides GaCl, GaBr, and GaI were done
Barrett and Mendel.43 Further microwave spectral studies o
the gallium monohalides have been carried out by a num
of researchers.44–56 Most recently, Lentheet al.57 performed
DFT calculations to evaluate nuclear quadrupole coupl
constants of a number of metal halide molecules, includ
the GaX molecules.

Recently, more theoretical work for the GaX molecul
have been performed~which were lacking in the case of InX
molecules!. However, more experimental work for the In
molecules is reported in comparison to GaX molecules.
both groups of molecules, the five low lying excited boundV
states:3P0

2 , A 3P0
1 , B 3P1 , 3P2 , andC 1P1 are generated

Only the transition fromA 3P0
1 , B 3P1 , andC 1P1 states to

the ground stateX 1S1 are allowed~as shown in Fig. 1 in
Mishraet al.1! and have been observed in the experiment
all diatomic halides of gallium and indium, theA–X and
B–X transitions are very strong and lying in the UV-visib
region. The electronic spectrum of diatomic halides of g
lium are slightly shifted towards shorter wavelength sides
comparison to the corresponding halides of indium. The d
sociation energy of both groups of the molecules follows
same trend, theDe values decrease with the increasing ma
of the molecule. The atomic dissociation product forC 1P1

state for most of these molecules turns out to
M* (2P3/2)1X(2P3/2). The percentage of ionic characte
slightly increases in the ground states of the gallium mo
halides molecules in comparison to corresponding indi
monohalides. TheC 1P1 state in both indium and gallium
monohalides becomes progressively less stable as the
of the halogen increases. The analogy in the Rydberg s
assignments between GaCl and InCl was found to be limi

In the present paper, we have attempted to summarize
available spectroscopic information about gallium mono
lides. A brief discussion on the spectroscopic properties
different electronic states, ionization potentials, ground s
dissociation energies, and percentage of ionic character
given. The review is arranged in following manner. Secti
2, consisting of four subsections, covers the ground s
properties as exemplified by

~1! the results of quantum mechanical calculations of el
tronic structure~Sec. 2.1!,

~2! the photoelectron spectra~Sec. 2.2!,
~3! the dissociation energy~Sec. 2.3!, and
~4! the calculated percentage ionic characters~Sec. 2.4!.

In Sec. 3, the results of the studies on the microwave spe
of gallium monohalides are summarized. The spectrosco
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2525DIATOMIC GALLIUM HALIDES
properties for the low-lying excited states are discussed
Sec. 4. In Sec. 5, the available information about the R
berg states and states of corresponding molecular ion
summarized. Finally, the conclusions and suggestions
further study are described in Sec. 6.

2. Ground State

2.1. Nature of Bonding in the Ground State

The ground state of all gallium monohalides is of the1S1

~or 01 in case c! type, similar to other diatomic molecule
formed by IIIA group elements~e.g., B, Al, Ga, In, and Tl!
with halogens~e.g., F, Cl, Br, and I!. In many cases this ha
been verified by experimental observation of the rotatio
structure and also by theoretical calculations. Recentlyab
initio based MRDCI calculations on GaI molecule report
by Dutta et al.40 and most recentlyab initio study of the
ground state of GaCl reported by Yanget al.41b also reveal
that the ground states of GaI and GaCl are1S1 type. The
singlet ground state1S1 of gallium monohalide molecule
are generated by the following ground state electronic c
figuration:

s1
2s2

2s3
2p1

4.

This ground electronic configuration arises from the int
action of the ground state Ga (2P, 4s24p1) with the ground
state of the halide atom X (2P, ns2np5, n52, 3, 4, 5!. The
outermostp shells of gallium and halogen atoms are activ
It has been found that 3d10 electrons in Ga andnd10 elec-
trons of the heavier halogen do not participate actively in
formation of the Ga–X (5F, Cl, Br, and I! bond.

Recently number ofab initio studies on these molecule
were reported. Grabandtet al.32 have performed HFS calcu
lations for these molecules and concluded that the hig
occupied molecular orbital~MO! is largely on Ga in GaF
~60% Ga 4s; 10% Ga 4pz; 30% F 2pz! which but in GaI, the
contribution of Ga and the halogen become almost eq
~30% Ga 4s; 20% Ga 4pz; 50% I 5pz!. Ab initio calculations
for the ground and the first electronic excited state of G
and GaBr molecules have been carried out by Balasubra
nian and co-workers.34,35 They have described that in th
case of the GaBr molecule thes3 molecular orbital is pre-
dominately Ga~4s!, while thes2 and p1 are predominantly
Br~4p!. Most recently, Yanget al.41 conductedab initio DFT
calculations for all gallium monohalides. These density fu
tional theory calculations show that the outermostp shells of
gallium and halogen atoms are active.41 On the basis of the
photoelectron spectra andab initio HFS calculations for gal-
lium monohalides the following brief conclusion about t
nature and bonding character of the outermost molecula
bital in these molecules are presented.

~i! The outermosts orbital has mainly Ga character bu
halogen character increases as we go from F to I.

~ii ! The doubly degeneratep orbital is of predominately
halogen lone pair character.
in
-
is
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l
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-

.

e
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l
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~iii ! The next inner MO is anothers MO. It is mostly a
nps orbital centered on the halogen atom, with only
small contribution fromnss of the Ga.

Thus, we conclude that the nature and bonding characte
outermost molecular orbitals in GaX molecules are ve
similar to InX molecules.1

2.2. Photoelectron Spectra

Photoelectron spectroscopy~PES! has been used exten
sively as a suitable method for obtaining information abo
the electronic structure of neutral and ionic states of diato
molecules in the gas phase. Despite their short-lived cha
ter several group III monohalides have been the subjec
PES studies.6,58–64Berkowitz,59 Berkowitz and Dehmer,60,61

Egdell et al.,62 and Grabandtet al.6 have carried out investi-
gations on the photoelectron spectroscopy of indium a
thallium monohalides in the gas phase and observed, in g
eral, three peaks in the photoelectron spectra of each of t
molecules. The peaks were interpreted to involve ionizat
from the three outermost molecular orbitals leading to
formation of molecular ions in three different low lying ele
tronic statesX 2S, A 2P, andB 2S1. These studies all show
that the chemical bonding throughout the series of group
monohalides is predominantly ionic rather than covalent
nature.

He~I! PES of the short-lived gallium monohalides, pr
duced via a new solid state reaction, have been recorded
interpreted on the basis of theab initio Hartree–Fock–Slate
calculations by Grabandtet al.32 The solid state reactions, in
which the title compound can be generated in the gas ph
in significant concentrations in the virtual absence of ot
species, have been shown to produce a successful appr
for PES. Three ionic states of all four gallium monohalid
have been identified in this paper32

The first peak in the photoelectron spectrum of GaF
pears between 10.5 and 11.0 eV and attributed to the tra
tion from the neutral ground state (X 1S1) to the lowest
ionic state (X 2S1). This band shows five components an
the distance between first and second component is foun
be ;605 cm21 which corresponds to the vibrational fre
quency associated with the neutral ground state. The vi
tional progressions associated with the lowest ionic s
were also observed in the above first band with a vibratio
spacing of;745 cm21. This shows an increase in the vibra
tional frequency in the ionic ground state (X 2S1) in com-
parison to neutral ground state (X 1S1) of GaF. The adia-
batic ionization energy corresponds to the lowest ionic s
is found to be 10.64 eV. The second peak, which is qu
broad, was observed between 12.9 and 14.5 eV. This b
does not show any resolved structure. The structureless
peak was observed between 15.0 and 15.8 eV with low
tensity. Similar three peaks were also observed for the o
gallium monohalides.

Grabandt et al.32 have calculated the potential energ
curves using the HFS method for the neutral ground s
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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TABLE 1. Experimental and theoretical ionization energies~in eV! for gallium monohalides

State of
ion

GaF GaCl GaBr GaI

Experimental Theoretical Experimental Theoretical Experimental Theoretical Experimental Theor

X 2S 10.64a,b 10.45a 9.91 9.64 9.59 9.23 9.03 8.60
10.74b,c 10.45 10.07 9.68 9.72 9.23 9.19 8.60

A 2P1/2 12.91d,e — 10.81 — 10.14 — 9.93 —
13.61c,e 13.69c 11.38 10.82 10.60 10.24 10.25 9.64

A 2P3/2 12.91d,e — 10.80 — 10.14 — — —
13.61c,e 13.65c 11.38 10.74 10.60 9.88 9.49 8.94

B 2S1 15.07d,e 14.17a — 13.53 13.45 13.40 12.81 13.03
15.41c,e 15.16a 14.05 13.59 13.62 13.44 12.98 13.03

aAdiabatic transition.
b60.01 eV.
cBand maxima.
dBand onset.
e60.04 eV.
es
er

X,
iz
b
o
ie

ows
und
htly

d

eu-
less
and three low-lying ionic states of the gallium monohalid
From the computed potential curves the adiabatic and v
cal ionization energies for the ground state of GaX (X5F,
Cl, Br, and I!, as well as for the three ionic states of Ga
have been obtained. The experimental and calculated ion
tion energies for all these diatomic halides are given in Ta
1. A comparison of calculated and experimental values
equilibrium bond lengths, associated vibrational frequenc
and their anharmonicities are given in Table 2.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
.
ti-
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The photoelectron spectra and HFS calculations sh
that the ground states of gallium monohalides ions are bo
states and the internuclear separation in the ion is slig
less than for the corresponding neutral GaX~ground states!.
TheA 2P state of ionized GaX is repulsive while the excite
B 2S state is again bound, but with a largerr e ~equilibrium
internuclear distance! value.

The calculations show large charge separation in the n
tral ground state of GaF. This charge separation becomes
TABLE 2. Comparison of experimental and calculated vibrational frequencies, anharmonicities, and equilibrium bond lengths

Molecule
Electronic

states
ve ~exp.!
(cm21!

ve ~calc.!
(cm21!

vexe ~exp.!
(cm21!

vexe ~calc.!
(cm21!

r e ~exp.!
~a.u.!

r e ~calc.!
~a.u.! References

GaF X 1S1 622.10 592 3.286 3.1 1.774 1.802 32, 57, 69
3P 663.0a — 2.2a — 1.747a 1.763 16, 17, 41, 69

662.1b 1.5b — 1.745b

GaF1 X 1S1 — 655.0 — 4.5 — 1.733 32
B 2S1 — — — — — 2.072 32

GaCl X 1S1 365.7 342.0 1.249 1.2 2.202 2.253 32, 55, 69
3P 395.1a 372.8a 2.3a — 2.141a 2.158 24, 28, 31, 32, 41, 69

394.7b 2.3b 2.140b

GaCl1 X 1S1 — 390.0 — — — 2.157 32
B 2S1 — — — — — 2.353 32

GaBr X 1S1 266.70 251.0 0.83 0.7 2.349 2.385 20, 32, 41, 69

3P 275.8a 263.9a 2.25a — 2.290a 2.312 20, 27, 41, 69
274.6b 2.60b 2.292b

GaBr1 X 1S1 — — — — — 2.337 32

B 2S1 — — — — — 2.480 32

GaI X 1S1 216.6 208.0 0.50 0.5 2.576 2.549 29, 32, 68, 69

3P 193.8a 213.1a 2.1a — 2.527a 2.531 27, 41, 69
184.5b 2.3b 2.545b

GaI1 X 1S1 — — — — — 2.565 32
B 2S1 — — — — — 2.597 32

aConstant corresponding to3P0 state.
bConstant corresponding to3P1 state.
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2727DIATOMIC GALLIUM HALIDES
important in GaI. Niessen65 has made a Green’s functio
calculation for GaCl. In the optical emission stud
Glenewinkel-Meyeret al.66 have observed a transition from
X 2S1 –B 2S1 for gallium halide cations, but no vibrationa
structure has been resolved. These transitions were locat
3.9 eV in GaF1, 4.1 eV in GaCl1, and 3.8 eV in GaBr1.
These data are compared with the results of photoelec
spectra of these species. The agreement for GaF1 is found to
be rather poor, however for GaCl1 and GaBr1, the results
from both techniques agree well. In GaCl1 and GaBr1, these
workers have observed an additional stateC 2P, which
could not be observed in the photoelectron spectra repo
by Grabandtet al.32

2.3. Dissociation Energy

The dissociation energies of the diatomic gallium halid
in the gas phase have been reported by Barrow18 from ther-
mochemical and spectroscopic data. He has presented
various estimates of dissociation energies for most of
IIIA group monohalides. He has made the following obs
vations:

~1! The estimates of the dissociation energy obtained
linear extrapolation of the vibrational levels in the grou
state are only, on average, about 0.7 of the true values.
has been attributed to the high degree of ionic bonding in
ground state of this group of molecules.

~2! It has been shown that in some cases similar molec
states of different molecules are not necessarily to be co
lated with atomic products in the same states of excitat
This, too, has a bearing on the determination of the disso
tion energy of molecules in other groups.

These calculations have been discussed in our earlie
view on indium monohalides.1

GaF
Murad et al.67 have reported the thermochemical a

spectroscopic value ofDe for GaF as 5.9836 and 6.3738 e
respectively. No further investigations for dissociation e
ergy of GaF molecule was found in the literature.
GaCl

Spectroscopic value of dissociation energy for GaCl w
reported by Barrow.18 To the best of our knowledge no rece
experimental values are found in literature. More recen
Yang et al.41b have performed anab initio study of the
ground state of this molecule and reported theDe values for
GaCl using MRCISD, MRCISD1Q, and MRAQCC calcula-
tions as 4.97 4.98, and 5.06 eV, respectively. These va
are very close to the best experimentalDe value.
GaBr

The dissociation energy for GaBr was also reported
Barrow.18 Recently we have analyzed the fluctuation ban
ascribed to theC–X transition of GaBr and extrapolated th
potential energy curve for theC state of GaBr. The dissocia
tion limit of GaBr was estimated as 35 2001200 cm21 and
this dissociation limit is expected to correspond to the
composition of GaBr into Ga* (2P3/2)1Br ~2P1/2! with an
excitation energy 825 cm21. This yields the ground stat
at

on

ed

s
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e-
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s
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value of De for GaBr as ;34 3751200 cm21 (4.26
10.02 eV! which is consistent with the best value report
earlier.68a,68b

GaI
Recently, Saksenaet al.29 determined the dissociation en

ergy for GaI by extrapolation. They have confirmed the
sult of Barrow18 that the ground state of GaI dissociates in
Ga~2P1/2!1I ~2P3/2! @with both the atoms in their ground
state# while the A 3P0 and B 3P1 dissociate into
Ga* (2P3/2)1I ~2P3/2! @with Ga in the excited state and I i
the ground state#. Recently, Duttaet al.40 calculated the
ground stateDe using ab initio based MRDCI calculations
from the depth of the potential well, and it is around 3.34
as compared with the experimental value of 3.47 eV obtai
from thermochemical and spectroscopic investigations.18

These values of ground state dissociation energies of th
diatomic molecules were also given in Gaydon68a and Huber
and Herzberg.68b The values ofDe in gallium monohalides
decrease as the mass of the halogen atoms increases
recommend the value of ground state dissociation energy
these molecules given in Huber and Herzberg.68b The atomic
dissociation products for the ground and low-lying excit
states is rather ambiguous and difficult to decide, howeve
is expected that the dissociation products for the low-ly
excited states in most of these molecules are excited m
atom and ground state halogen.

We have also calculated the ground state dissociation
ergy, for all these molecules using,De5ve

2/4vexe , making
use of the recent available values of the vibrational para
eters and have compared it with the experimental values
De . A large discrepancy is observed between the extra
lated value and the experimental value for GaF, GaCl,
GaBr, but for GaI this discrepancy is small. However, th
discrepancy in GaI is larger in comparison to InI.

Most recently Yadav and Singh69,70 calculated the
Rydberg–Klein–Rees potentials for the observed vibratio
levels of the ground electronic state as well as low lyi
excited states of all diatomic gallium halides using theRKR1

code of LeRoy.71 We have also determined the centrifug
distortion constants for the above states of GaCl, GaBr,
GaI molecules. All these values are given in Tables 3 and
The values of the dissociation energy reported by differ
authors are given in Table 5.

2.4. Ionic Character of the Bond in Gallium
Monohalides

Kim and Balasubramanian34,35 have performedab initio
complete active space calculations and investigated
ground and excited electronic state structures of GaCl
GaBr. They show that the ground state of GaBr has a str
ionic character with the polarity Ga1 Br2 since the total
gross population of the gallium atom is much below 3.0. T
contribution of the Gad orbital in the ground state is appre
ciable ~0.12!, indicating that the polarization effects make
significant contribution to the ionic ground state. In Sec. 2
it was mentioned that a large discrepancy between the
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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TABLE 3. RKR potential energy curve and centrifugal distortion constants for the ground stateX 1S1 gallium halides

V Gv Bv r min r max

69Ga19F
0 310.3863 0.358 10 1.717 26 1.838 20
1 925.9183 0.355 24 1.679 37 1.668 17
2 1534.8783 0.352 38 1.655 05 1.927 86
3 2137.2663 0.349 51 1.636 28 1.960 54
4 2733.0823 0.346 65 1.620 76 1.990 11
5 3322.3263 0.343 78 1.607 43 2.017 65
6 3904.9983 0.340 92 1.595 68 2.043 72
7 4481.0983 0.338 05 1.585 18 2.068 72
8 5050.6263 0.335 19 1.575 65 2.092 87
9 5613.5823 0.332 33 1.566 94 2.116 37
10 6169.9663 0.329 46 1.558 90 2.139 34
11 6719.7783 0.326 59 1.551 45 2.161 88

V Gv r min r max Bv Dv* 1E17 Hv* 1E114

69Ga35Cl:
0 182.5828 2.141 334 9073 2.267 620 8867 0.149 516 0047 1.006 8433 21.088 3955
1 545.7551 2.100 534 9629 2.319 871 5961 0.148 722 4127 1.004 8643 21.204 1363
2 906.4304 2.073 978 0163 2.357 950 7299 0.147 928 8187 1.002 9267 21.320 9916
3 1264.6087 2.053 275 2774 2.390 247 9993 0.147 135 2227 1.001 0301 21.438 8913
4 1620.2899 2.035 993 2896 2.419 197 8006 0.146 341 6246 0.999 1788 21.557 6818
5 1973.4742 2.021 020 8654 2.445 912 2800 0.145 548 0245 0.997 3730 21.677 1907
6 2324.1614 2.007 740 3653 2.471 010 0547 0.144 754 4224 0.995 6137 21.798 3378
7 2672.3516 1.995 766 7079 2.494 877 2039 0.143 960 8183 0.993 9030 21.920 5006
8 3018.0448 1.984 840 7823 2.517 773 8566 0.143 167 2122 0.992 2415 22.044 4173
9 3361.2409 1.974 778 4540 2.539 885 1867 0.142 373 6041 0.990 6255 22.173 1205
10 3701.9402 1.965 443 3724 2.561 348 6057 0.141 579 9939 0.989 0449 22.313 1424
11 4040.1428 1.956 731 2693 2.582 269 4647 0.140 786 3817 0.987 4699 22.477 779 09

V Gv r min r max Bv Dv* 1E18 Hv* 1E116

69Ga79Br
0 133.1730 2.292 692 2613 2.410 057 7841 0.082 871 0070 3.220 7678 4.714 81
1 398.4270 2.253 853 1177 2.457 601 3080 0.082 566 7830 3.226 4854 4.339 74
2 662.2250 2.228 280 2435 2.491 922 7973 0.082 262 3510 3.232 3449 3.737 09
3 924.5670 2.208 165 4124 2.520 832 1851 0.081 957 6150 3.238 3067 2.890 03
4 1185.4530 2.191 242 9801 2.546 596 8471 0.081 652 4790 3.244 3255 1.772 90
5 1444.8830 2.176 478 2430 2.570 253 2430 0.081 346 8470 3.250 3605 0.377 84
6 1702.8570 2.163 296 0982 2.592 378 2569 0.081 040 6230 3.256 3651 21.338 611
7 1959.3750 2.151 338 0753 2.613 332 1666 0.080 733 7110 3.262 2896 23.386 325
8 2214.4370 2.140 363 0875 2.633 357 8922 0.080 426 0150 3.268 0827 25.826 901
9 2468.0430 2.130 199 9382 2.652 628 4909 0.080 117 4390 3.273 6722 28.375 377
10 2720.1930 2.120 721 9900 2.671 272 4878 0.079 807 8870 3.278 9626 212.231 541
11 2970.8870 2.111 832 5356 2.689 388 5067 0.079 497 2630 3.283 7924 216.458 372
12 3220.1250 2.103 455 8145 2.707 054 2531 0.079 185 4710 3.287 8599 221.406 934
13 3467.9070 2.095 531 2233 2.724 332 3046 0.078 872 4150 3.290 5799 226.622 465

V Gv r min r max Bv Dv* 1E18 Hv* 1E116

69Ga127I
0 108.1873 2.518 586 7197 2.636 773 7959 0.056 800 5461 1.570 3031 24.771 6389
1 323.7856 2.479 354 2477 2.684 448 2828 0.056 611 6149 1.570 5351 25.072 0981
2 538.3873 2.453 496 3018 2.718 783 5386 0.056 422 6525 1.570 8138 25.371 2594
3 751.9873 2.433 144 9289 2.747 647 8193 0.056 233 6589 1.571 1410 25.669 4086
4 964.5873 2.416 015 7535 2.773 325 8081 0.056 044 6341 1.571 5167 25.968 5610
5 1176.1873 2.401 064 8089 2.796 861 7829 0.055 855 5781 1.571 9386 26.277 8295
6 1386.7873 2.387 711 3679 2.818 836 7868 0.055 666 4909 1.572 3948 26.625 8352
7 1596.3873 2.375 593 0925 2.839 613 4776 0.055 477 3725 1.572 8478 27.083 7403
8 1804.9873 2.364 466 0009 2.859 436 1615 0.055 288 2289 1.573 1950 27.774 5442
9 2012.5873 2.354 156 5903 2.878 478 6701 0.055 099 0421 1.573 1874 28.810 2539
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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TABLE 4. RKR potential energy curves and centrifugal distortion constants for theA 3P0 andB 3P1 of gallium halides

V Gv Bv r min r max

A state of 69Ga19F
0 331.4881 0.369 40 1.691 72 1.808 85
1 990.1281 0.366 40 1.655 34 1.858 66
2 1644.4081 0.363 40 1.632 18 1.895 35
3 2294.3281 0.360 40 1.614 45 1.926 70
4 2939.8881 0.357 40 1.599 92 1.954 97
5 3581.0881 0.354 40 1.587 55 1.981 17
6 4217.9281 0.351 40 1.576 77 2.005 89
7 4850.4081 0.348 40 1.567 23 2.029 49
8 5478.5281 0.345 40 1.558 67 2.052 20
9 6102.2881 0.342 40 1.550 94 2.074 20
10 6721.6881 0.339 40 1.543 91 2.095 62
11 7336.7281 0.336 40 1.537 48 2.116 55
12 7947.4081 0.333 60 1.531 57 2.137 07
13 8553.7281 0.330 40 1.526 13 2.157 25

B state of 69Ga19F
0 331.3957 0.370 40 1.689 34 1.806 52
1 990.5957 0.367 40 1.653 03 1.856 21
2 1646.8957 0.364 40 1.629 97 1.892 73
3 2300.2957 0.361 40 1.612 40 1.923 86
4 2950.7957 0.358 40 1.598 05 1.951 85
5 3598.3957 0.355 40 1.585 88 1.977 74
6 4243.0957 0.352 40 1.575 32 2.002 11
7 4884.8957 0.349 40 1.566 02 2.025 32
8 5523.7957 0.346 40 1.557 72 2.047 60
9 6159.7957 0.343 40 1.550 27 2.069 14
10 6792.8957 0.340 40 1.543 53 2.090 06
11 7423.0957 0.337 40 1.537 40 2.110 46
12 8050.3957 0.334 40 1.531 82 2.130 41
13 8674.7957 0.331 40 1.526 71 2.149 98

V Gv r min r max Bv Dv* 1E17 Hv* 1E114

A state of 69Ga35Cl
0 196.9832 2.083 701 4610 2.205 285 9414 0.157 959 2239 1.024 7285 24.972 5603
1 587.5001 2.045 188 1533 2.256 828 0674 0.156 907 5143 1.035 5571 24.972 7932
2 973.3017 2.020 273 2364 2.294 899 0288 0.155 855 5922 1.048 7436 24.898 4413
3 1354.2817 2.000 901 7776 2.327 559 1178 0.154 803 4546 1.064 4554 24.742 3677
4 1730.3341 1.984 738 5510 2.357 149 2241 0.153 751 0984 1.082 8949 24.479 8010
5 2101.3526 1.970 716 5354 2.384 742 3656 0.152 698 5208 1.104 2610 24.126 8857
6 2467.2310 1.958 241 5166 2.410 939 1161 0.151 645 7187 1.128 6756 23.699 2945
7 2827.8630 1.946 941 7746 2.436 117 9522 0.150 592 6891 1.156 1038 23.374 4742
8 3183.1426 1.936 565 9132 2.460 537 4614 0.149 539 4289 1.185 8068 23.629 1816
9 3532.9635 1.926 933 9955 2.484 385 2492 0.148 485 9353 1.215 6895 25.539 0536
10 3877.2195 1.917 911 4900 2.507 804 0400 0.147 432 2052 1.241 0339 211.077681
11 4215.8043 1.909 394 2204 2.530 906 7804 0.146 378 2356 1.253 4200 222.827 272
12 4548.6119 1.901 299 1187 2.553 785 9464 0.145 324 0234 1.240 9431 242.505 165
13 4875.5360 1.893 558 2542 2.576 519 5809 0.144 269 5658 1.191 3921 268.370 020

V Gv r min Rmax Bv Dv* 1E17 Hv* 1E114

B state of 69Ga35Cl
0 196.7764 2.082 650 5908 2.204 303 1620 0.158 107 4935 1.029 8675 25.175 8632
1 586.8478 2.044 160 8105 2.255 925 3317 0.157 043 5745 1.040 8025 25.170 0967
2 972.1627 2.019 272 1702 2.294 074 3549 0.155 979 6555 1.054 4121 25.078 9457
3 1352.5981 1.999 924 9755 2.326 815 7345 0.154 915 7365 1.070 8894 24.894 3152
4 1728.0309 1.983 782 0985 2.356 492 7518 0.153 851 8175 1.090 4718 24.586 4887
5 2098.3383 1.969 775 2690 2.384 180 2075 0.152 787 8985 1.113 3914 24.174 4850
6 2463.3972 1.957 309 2597 2.410 480 2742 0.151 723 9795 1.139 7913 23.678 1691
7 2823.0846 1.946 011 4333 2.435 772 9898 0.150 660 0605 1.169 6354 23.303 7970
8 3177.2774 1.935 629 5092 2.460 318 5375 0.149 596 1415 1.202 0664 23.608 0682
9 3525.8528 1.925 982 6640 2.484 306 1967 0.148 532 2225 1.234 6697 25.833 0136
10 3868.6877 1.916 935 4545 2.507 880 4788 0.147 468 3035 1.262 0639 212.212 9860
11 4205.6591 1.908 382 7503 2.531 156 2609 0.146 404 3845 1.274 8381 225.556 578
12 4536.6439 1.900 240 4713 2.554 228 1196 0.145 340 4655 1.260 1337 247.445 270
13 4861.5193 1.892 439 6029 2.577 176 4081 0.144 276 5465 1.205 5986 275.328 471
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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TABLE 4. RKR potential energy curves and centrifugal distortion constants for theA 3P0 andB 3P1 of gallium halides—Continued

V Gv r min Rmax Bv Dv* 1E18 Hv* 1E114

A state of 69Ga79Br
0 136.7615 2.234 971 4774 2.350 846 2146 0.087 116 0032 3.568 5170 21.766 7833
1 407.8605 2.198 273 9571 2.362 767 9539 0.086 577 1932 3.618 9424 21.771 3327
2 675.5875 2.174 514 0513 2.399 983 9725 0.086 038 1692 3.685 9594 21.746 9862
3 939.7745 2.156 008 0444 2.436 304 2359 0.085 498 8353 3.770 9415 21.690 1640
4 1200.2535 2.140 524 3047 2.467 499 6786 0.084 959 0952 3.875 5812 21.586 4953
5 1456.8565 2.127 040 2783 2.495 811 4655 0.084 418 8532 4.001 9092 21.432 9442
6 1709.4155 2.114 984 1292 2.522 272 3303 0.083 878 0132 4.152 0981 21.207 6730
7 1957.7625 2.103 995 9855 2.547 465 0190 0.083 336 4792 4.329 0852 20.900 3593
8 2201.7295 2.093 830 4226 2.571 761 1373 0.082 794 1553 4.535 6725 20.497 7058
9 2441.1485 2.084 309 7695 2.595 418 7782 0.082 250 9452 4.775 1229 0.005 35
10 2675.8515 2.075 299 1620 2.618 629 3403 0.081 706 7532 5.050 1587 0.579 47
11 2905.6705 2.066 692 0808 2.641 542 6230 0.081 161 4832 5.362 5297 1.148 45
12 3130.4375 2.058 401 4113 2.664 281 4591 0.080 615 0392 5.712 2784 1.543 53
13 3349.9845 2.050 353 6113 2.686 950 8577 0.080 067 3253 6.097 9869 1.479 39
V Gv r min r max Bv Dv* 1E18 Hv* 1E114

B state of 69Ga79Br
0 135.5859 2.236 988 2375 2.353 368 4164 0.086 941 9663 3.610 8391 21.894 3197
1 404.2586 2.200 216 9254 2.402 849 2977 0.086 390 9562 3.666 9528 21.893 9292
2 679.4344 2.176 423 0457 2.439 478 2431 0.085 839 8763 3.743 0362 21.854 4496
3 930.9115 2.157 888 7141 2.470 982 2335 0.085 288 7263 3.840 9542 21.770 7570
4 1188.5029 2.142 370 6940 2.499 614 2848 0.084 737 5063 3.962 9627 21.622 6586
5 1441.9996 2.128 839 6726 2.526 414 2697 0.084 186 2163 4.111 8814 21.404 4673
6 1691.2074 2.116 718 7307 2.551 970 5599 0.083 634 8563 4.290 7417 21.084 3535
7 1935.9281 2.105 643 5675 2.576 659 9317 0.083 083 4263 4.503 6898 20.643 2035
8 2175.9639 2.095 364 5394 2.600 745 6797 0.082 531 9262 4.754 8988 20.055 1271
9 2411.1166 2.085 699 7265 2.624 424 7293 0.081 980 3563 5.049 3523 0.699 64
10 2641.1884 2.076 509 8249 2.647 852 9541 0.081 428 7163 5.391 6813 1.599 94
11 2865.9811 2.067 683 5589 2.671 160 0153 0.080 877 0063 5.785 6203 2.566 26
12 3085.2969 2.059 128 6224 2.694 458 7184 0.080 325 2263 6.232 9070 3.385 99
13 3298.9376 2.050 765 7260 2.717 851 3265 0.079 773 3762 6.733 3118 3.669 73
A state of 69Ga127I
0 96.4409 2.469 425 0248 2.594 847 9007 0.058 805 2.231 3503 22.714 7348
1 285.9379 2.432 291 2838 2.651 597 6350 0.058 235 2.314 7111 22.816 2281
2 470.8589 2.408 868 5376 2.694 940 8788 0.057 665 2.427 5607 22.866 5362
3 650.9399 2.390 888 8282 2.733 172 5841 0.057 095 2.575 9057 22.883 2274
4 825.9169 2.375 939 7390 2.768 735 7431 0.056 525 2.765 5006 22.770 3981
5 995.5259 2.362 901 8748 2.802 784 6795 0.055 955 3.008 0670 22.501 2193
6 1159.5029 2.351 133 9490 2.836 000 9365 0.055 385 3.313 4266 21.989 9261
7 1317.5839 2.340 215 7970 2.868 851 5120 0.054 815 3.699 0444 21.034 4007
8 1469.5049 2.329 842 6416 2.901 696 2114 0.054 245 4.186 2261 0.551 604
9 1615.0019 2.319 773 4422 2.934 841 4257 0.053 675 4.803 4930 3.143 216
B state of 69Ga127I
0 91.6356 2.485 317 4234 2.613 951 1665 0.057 997 9405 2.384 6460 23.113 1551
1 271.2019 2.447 241 3747 2.672 651 8038 0.057 411 1675 2.523 0011 23.216 1754
2 445.4531 2.423 054 4732 2.717 834 8329 0.056 824 3945 2.719 5407 23.198 3840
3 613.9194 2.404 256 3750 2.758 048 2172 0.056 237 6215 2.990 7193 23.029 1269
4 776.2106 2.388 340 8445 2.795 854 3848 0.055 650 8485 3.354 6575 22.509 5855
5 931.3169 2.374 117 8911 2.832 510 6473 0.055 064 0755 3.844 7315 21.343 0864
6 1080.3081 2.360 876 3700 2.868 810 0971 0.054 477 3025 4.503 4114 0.976 68
7 1221.2344 2.348 117 0167 2.905 353 4668 0.053 890 5295 5.398 9594 5.576 52
8 1354.1456 2.335 438 7245 2.942 669 8639 0.053 303 7565 6.634 5716 14.487 7
9 1478.5919 2.322 477 6101 2.981 288 0277 0.052 716 9835 8.375 1099 32.002 5
10 1594.1231 2.308 865 1653 3.021 793 8590 0.052 130 2105 10.888 894 66.238 8
11 1700.2894 2.294 190 0448 3.064 893 3477 0.051 543 4375 14.639 267 131.396
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served and extrapolated values of ground stateDe of GaF,
GaCl, and GaBr is obtained, indicating that the ground sta
for these molecules have ionic contribution. However,
naturally occurring molecule is purely ionic bonded and
have to define a partial ionic character to denote depar
from covalency.
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There are several empirical expressions given in
literature72–75to calculate the percentage ionic character o
bond as calculated for InX molecules in our earlier review1

The calculated values of the ionic character for GaF, Ga
GaBr, and GaI using the above mentioned expressions
given in Table 6. These calculations indicate that the io
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TABLE 5. Ground state dissociation energy~eV! of gallium monohalides using different methods

Molecule

Thermochemical
value

~Barrow et al.16!

Values based on the levels in1P statea

Best values
suggested by

Barrow et al.16

Best values
suggested by

Gaydon68a

Best values
suggested by

Huber and Herzberg68b

Extrapolated
~Barrow et al.16

and Saksenaet al.29!
Predissociation

~Griffith et al.23!

GaF 5.98 6.24 — 6.24 6.10 5.98
GaCl — 6.90 4.98

4.99ab
4.92 4.94 4.92

GaBr — 4.31f

4.26R
— 4.31 4.35 4.31

GaI — 3.94CA

3.20
— 3.47 3.46 3.47

aSymbols in table are as follows:~F! From analysis of fluctuation bands;~CA! From maximum of absorption continuum;~ab! ab initio values obtained from
MRAQCC calculations; and~R! Recently derived value obtained from extrapolation of potential energy curve ofC 1P state.
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forces make a larger contribution to the bonding in t
ground state for heavier IIIA halides.

3. Microwave Spectroscopic Studies

The investigation of microwave spectra has provided
large amount of information on the structure of gaseous m
lecular species. In this concern, the studies of diatomic m
ecules are of basic interest because of the significant va
tions in the bonding character causing remarkable change
molecular parameters such as electric dipole momen
nuclear quadrupole coupling constants which can be m
sured by microwave spectroscopy. Microwave studies
GaCl, GaBr, and GaI have been performed by Barrett
Mandel43 while the first measurements on the microwa
spectra of69GaF and71GaF were performed by Hoeft an
co-workers.44 Lovas and Tiemann48 reported corrections to
the assignment of quantum numbers made by Barrett
Mandel.43 The new analysis resulted in more reliable hyp
fine structure parameters which are in better agreement
the systematic trends in this group of molecules. Tiema
et al.46 have studied the hyperfine structure with enhan
resolution in all the four isotopic species of GaCl in seve
vibrational states. They determined the Dunham coefficie
and nuclear quadrupole and magnetic coupling constant
the Ga and Cl isotopes. Plaffeet al.49 measured the rotationa
transitionsJ52←1 of GaBr at 10 GHz and refined the co
pling constants by more than 1 order of magnitude. N
et al.50 improving and extending the previous studies of t
millimeter wave rotational structures of GaI, determined
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rotational and potential constants of GaI. Nair and Hoe52

further measured theJ53←2 rotational transition of GaI in
the 10 GHz frequency region and derived molecular para
eters for69GaI and71GaI from the analysis of the hyperfin
structure. They have made some interesting intercomparis
of the available data for Al, Ga, and In monohalides, whi
have been already discussed in our earlier review.1 System-
atic variations in the quadrupole coupling constants in II
halides have been observed. Nair and Hoeft52 have also com-
pared theeq0Q values of AlX with ClX, of GaX with BrX,
and of InX with IX ~where X5F, Cl, Br, and I! and have
made an interesting observation thatq0(IX !/q0~InX!,
q0(BrX!/q0~GaX!, andq0(ClX!/q0~AlX ! are quite close to 5,
which is the number ofp electrons in the halogens in con
trast to only onenp electron in the metal. In fact, the rati
decreases somewhat as X changes from F to I and is
largest forq0(ClX!/q0~AlX !. Similarly a comparison of the
ratio eq0Q (XF!/eq0Q ~XI !; eq0Q (XCl!/eq0Q ~XI !;
eq0Q (XBr!/eq0Q~XI ! for X5I, Br, Cl, and In, Ga, Al shows
that the ratio is largest for the fluorides and decreases as
go to the heavier X. These ratios are consistent with
expectation that F will carry a larger negative charge in
metal halides than would Cl, Br, and I, and also that when
changes from Al to In or from Cl to I, the percentage cont
bution of the purely ionic structure would diminish. Th
most obvious explanation forq0 (VII,VII !/q0 ~IIIA,VII ! be-
ing large is that the additional VII group element contribut
5 electrons to the bonding region, whereas the IIIA gro
TABLE 6. Ionic character for gallium monohalides

Molecules (XB1XA!a (XB2XA!a

Percentage ionic character
From the relation

I.C.5m/erbHanny and Smyth72 Pauling73 Wilmshurst74 Batsanov and Durakov75

GaF 5.6 2.4 58.56 68.56 42.86 68.40 76.698~28.75!
GaCl 4.6 1.4 29.26 29.73 30.43 32.43 61.37
GaBr 4.4 1.2 24.24 22.83 27.27 25.02 59.47
GaI 4.1 0.9 17.24 13.57 21.95 14.96 55.12

aXB is the electronegativity of the more electronegative atom B andXA is that for the atom A.
bm is the dipole moment;e is the electronic charge;r is the internuclear distance.
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TABLE 7. Molecular constants of theX 1S1, A 3P0 , B 3P1, andC 1P1 states of gallium monohalides

Molecule
Electronic

states
Te

(cm21!
ve

(cm21!
vexe

(cm21!
veye

(cm21!
Be

(cm21!
ae3104

(cm21!
De3108

(cm21!
be31010

(cm21! References

69Ga19F X 1S1 0.0 622.104 3.286 — 0.359 535 0.286 4235 0.479 94 0.103 57
A 3P0 33 105.50 663.000 2.180 — 0.370 900 30.00 0.4640 — 16, 17
B 3P1 33 427.80 662.100 1.450 — 0.371 900 30.00 0.4690 — 16, 17
C 1P 47 365.37 540.960 8.972 — 0.363 470 48.78 0.6560 — 23

71Ga19F X 1S1 0.0 620.280 3.277 — 0.357 346 0.283 8035 0.4740 9.5 57

69Ga35Cl X 1S1 0.0 365.668 1.249 — 0.149 913 7.9359 0.100 77 2.018 173 55
A 3P0 29 524.47 395.130 2.278 20.0177 0.158 485 19.17 0.1010 — 24, 28, 3
B 3P1 29 856.60 394.710 2.286 20.0205 0.158 640 10.3528 0.0980 — 28, 31
C 1P 40 261.00 120.000 —

69Ga37Cl X 1S1 0.0 369.033 1.204 — 0.144 540 7.51299 9.369 32 1.841374 55

71Ga35Cl X 1S1 0.0 363.970 1.239 — 0.148 491 7.823 00 9.885 1.894 55

71Ga37Cl X 1S1 0.0 357.301 1.192 — 0.143 118 7.4020 9.4839 1.798 55

69Ga79Br X 1S1 0.0 266.710 0.830 — 0.082 797 3.266 77 3.245 756 — 20
A 3P0 28 162.53 274.310 1.560 20.028 0.085 830 6.604 09 3.326 18 — 20, 27
B 3P1 28 532.92 274.980 1.600 20.033 0.085 710 7.201 44 3.340 05 — 20, 27

69Ga127I X 1S1 0.0 216.600 0.500 — 0.056 895 1.8890 1.5600 — 68
A 3P0 25 572.21 193.820 2.090 20.044 0.059 090 5.700 — — 27
B 3P1 25 900.54 184.450 2.320 20.750 0.0580 (B0) — — — 27

71Ga127I X 1S1 0.0 214.640 0.460 — 0.055 860 1.290 — — 29, 30
A 3P0 25 572.21 190.670 1.510 20.080 0.057 950 4.580 — — 29, 30
B 3P1 25 900.54 183.490 2.680 — — — — — 29, 30
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atom contributes only 1. However, the fact that the ratios
often significantly less than 5 shows that this simple int
pretation is not totally correct.

Hoeft and Nair54 have observed the microwave spectra
four natural isotopic species of GaCl in the frequency reg
256–296 GHz in vibrational states up tov56. The rotational
states observed involved quantum number up toJ534. Fi-
nally they derived the extended set of Dunham parame
and the parameters for the Dunham potential. They also
termined the values ofve and vexe . Recently these sam
authors have studied the millimeter wave rotational spe
of GaF in the frequency region 250–300 GHz.51 The analysis
with high frequency rotational transitions have given im
proved and extended sets of Dunham molecular parame
They also determined the Dunham constants which desc
the ground state potential in the vicinity of the potent
minimum. No observable breakdown of the Born
Oppenheimer approximation for the two isotopic species
GaF has been noticed in the limits of experimental errors
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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observed for the InF, InCl, and TlF molecules. Most recen
Lentheet al.57 have performed DFT calculations to evalua
nuclear quadrupole coupling constants of a number of
atomic metal halides including GaX molecules. The grou
state molecular constants obtained from the recent mi
wave studies are given in Table 7, whereas the recent va
of the nuclear quadrupole coupling constants are given
Table 8.

4. Properties of Low-Lying Excited States

The general behavior of spectrum of gallium monohalid
is very similar to one described for indium monohalides.1 In
the five excited boundV state (3P0

2 , A 3P0
1 , B 3P1,

3P2 ,
and C 1P1), only the transition fromA 3P0

1 , B 3P1 , and
C 1P1 states to the ground state are allowed~as shown in
Fig. 1 in our earlier review on the indium monohalides!.1

These have been observed experimentally. The lowest tr
TABLE 8. Nuclear quadrupole coupling constants and spin rotation constant of gallium monohalides

Spectroscopic constants

69Ga19F
(X519F!

69Ga35Cl
(X535Cl!

69Ga79Br
(X579Br!

69Ga127I
(X5127I! Reference

eQqGa/MHz 2106.52 292.10 286.53 281.073 47, 49, 50, 52
2106.29 295.58 287.44 281.98 57

eQqX /MHz — 213.20 105.78 2369.35 53
212.80 101.90 2355.40 57
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excited state3P and the lowest singlet excited state1P of
gallium monohalides correspond to the following lowest e
cited electronic configuration~as given for the indium
monohalides!:1

s1
2s2

2p1
4s3

1p2
1.

These low-lying excited states involve a single excitat
.....s3

2p1
4→.....s3

1p1
4p2

1 . Dutta et al.40 have analyzed the
SCF–MOs to explain the decrease of the internuclear
tance of GaI in the3P state as compared with its groun
state value. The 3s MO is mostly composed of s orbital o
Ga andpz atomic orbitals of Ga and I. The contribution o
the iodine orbitals ins3 is found to be larger than that of th
gallium atom. On the other hand, thep2 MO is antibonding
with respect topx/y orbitals of Ga and I and in thep2 MO,
the atomic orbitals of Ga contribute more than that of
Upon s3→p2 excitation, thep2 orbital is stabilized at a
shorter value of internuclear distancer e . In addition, there is
a charge transfer from iodine to gallium, which enhances
multiple bond character of the Ga–I band. As a result,
equilibrium internuclear distancer e in the3P state is shorter
than that of the ground state.

4.1. The A – X and B – X Systems

The existence of the first excited states3P was known in
the other IIIA monohalides and these states are fairly sta
for gallium monohalides, similar to In–monohalides.

4.1.1. GaF

For GaF, theA 3P0–X 1S1 andB 3P1–X 1S1 transitions
give rise to electronic band systems in the spectral reg
290–310 nm. The electronic spectrum in this region was fi
studied by Barrow and co-workers.15–17They observed weak
violet degraded bands of two kinds, single and dou
headed. The Ga isotope effect in GaF has been resolved
the vibrational constants forA, B 3P0,1, states of69GaF are
obtained. Barrowet al.12 performed a rotational analysis o
some bands ofA–X and B–X electronic band systems o
69GaF observed in by a mixture of Ga and AlF3 heated to
1000 °C. The reported molecular constants are given in Ta
7.

The spectroscopic constants of the ground and first exc
states of gallium monohalides molecules have been ca
lated using the DFT with different LDA and GGA by Yan
et al.41 recently for the first time. The calculations were pe
formed using eight different methods to obtainr e andve of
GaX molecules and they have also estimated the mean a
lute error. It has been observed that the result, obtained w
GGA is not involved, is closest to the experimental valu
The errors inr e are less than 0.01 Å and the errors inve are
less than 50.00 cm21. Use of GGAs increaser e by 0.03–0.12
Å and make results ofve smaller by 20– 60 cm21. The mean
absolute errors forr e andve are smaller for the ground stat
than for the3P states. In addition, it is seen that for Ga
relativistic corrections, are not essential but for GaBr a
-
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GaI scalar ZORA relativistic corrections are needed. T
spectroscopic constantsr e , ve , Te , and IP reported by Yang
et al.41 are summarized in Table 2.

4.1.2. GaCl

Patrikaln and Hochberg11 were the first to observe th
electronic spectrum of GaCl in absorption in the region 32
350 nm. Miescher and Wehrli12,13 observed this spectrum in
emission as well as in absorption and confirmed the ass
ment of the spectrum to GaCl. They showed that violet
graded bands seen in the region 322–347 nm belonge
two overlapping systemsA 3P0–X 1S1 andB 3P1–X 1S1.
They made vibrational analysis for these two systems. Le
and Winans14 recorded the absorption spectrum of GaCl
high resolution and analyzed the vibrational structure
greater detail. They also analyzed the rotational structure
the 0–0 band of theA–X as well as the 0–0 and 0–1 band
of the B–X system and derived the rotational constants
these states. Bartky19 made some corrections to the Lev
and Winans14 analysis and obtained a better agreement w
the microwave data of Barrett and Mandel.43 Recently,
Mahieu et al.24 recorded the emission spectrum of GaCl
much higher resolution, analyzed the rotational structure
six bands~0–0, 0–1, 0–2, 1–0, 2–0, 2–1! of the A–X sys-
tem, and determined the rotational constants of the st
involved. More recently Saksena and co-workers28,30 used
isotopically pure69Ga and recorded the emission spectrum
69GaCl at high resolution. The bands of theA–X transition
are violet degraded but single headed, whereas the band
B–X transitions also violet degraded show two heads. Th
authors reported many new bands of theA–X and B–X
systems with some line like red degraded bands which o
lapped the known bands ofA–X andB–X systems. Forma-
tion of a head of heads is also observed. The rotational an
sis of 0–0, 1–0, 2–1, and 3–2 bands of theA 3P0–X 1S1

system and the 0–0, 0–1, and 0–2 bands of
B 3P1–X 1S1 system of69GaCl has been performed an
more precise vibrational and rotational constants for theA
and B states have been determined. The 0–0 band of
A–X transition is overlapped strongly by the 0–1 band
the B–X system, while the 1–0, 2–1, and 3–2 bands
A–X transition are weak and overlapped by the 0–0 band
B–X transition, therefore rotational analysis of these ban
have been performed with some difficulty. The high reso
tion spectra study of GaCl reported by the group
Saksena28,30 is unique due to use of monoisotopic GaCl. T
recent reported molecular constants for all isotopic specie
GaCl are given in Table 7.

In addition to DFT study on the ground and first excit
states of gallium monohalides reported by Yanget al.41 most
recently an all electron relativistic calculation on the grou
and valence excited states of GaCl has been performe
Yang et al.41b ~by the same group! using extended internally
contracted multireference electron correlation techniqu
The potential energy curves of all valance states and
spectroscopic constants of the bound states are obtained
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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3434 V. B. SINGH
transition properties of theA–X, B–X, andC–X transitions
are predicted. Some main conclusions of their investigati
are given as follows:

~i! The size–extensivity correction makes an obvious
provement in the spectroscopic constants results.
MRAQCC and other methods improve theTe , ve ,
r e , andDe results. Compared with the experiment
values the errors in the results ofve , r e , andDe are
;4.30 cm21, 0.01 Å, and 0.04 eV, respectively.

~ii ! The lifetimes of theA 3P0
1 andB 3P1 states of GaCl

are on the order of the microseconds, while that
C 1P1 state of the GaCl molecule is on the order
nanoseconds, implying thatA 3P0 and B 3P1 are
much longer lived states thanC 1P1 .

4.1.3. GaBr

The GaBr spectrum was also first observed by Patrik
and Hochberg.11 Miescher and Wehrli12,13 investigated the
spectra of GaBr molecule and attributed the GaBr bands
ing in the region 340–360 nm to theA–X andB–X transi-
tions. Savitryet al.20 observed a large number of new ban
of A, B 3P0,1–X 1S1 systems and reported improved vibr
tional constants. Rotational analysis of the~0–0! band of the
3P0,1–X 1S1 systems of GaBr has been carried out
Borkowska and Zyrnicki22 and the rotational constantsB0

andD0 for the involved states were obtained. The consta
obtained for the ground states are consistent with the res
of microwave studies. Recently Borkowska and Zyrnick25

reinvestigated the high resolution emission spectrum in
region 340–370 nm of GaBr excited in a hollow cathod
The previous vibrational analysis ofA, B 3P0,1–X 1S1 tran-
sition has been revised and corrected. New vibrational
rotational assignments have been proposed and impro
constants for the upper and lower electronic states have
determined. The reported vibrational and rotational consta
for GaBr are listed in Table 7.

4.1.4. GaI

The electronic spectrum of GaI was first studied by M
escher and Wehrli12,13 both in emission and in absorption
The discrete bands obtained in the 380–420 nm region w
attributed to two overlapping transitions, name
A 3P0–X 1S1 and B 3P1–X 1S1. Vibrational constants of
the A 3P0 , B 3P1 , and X 1S1 states were determined b
Miescher and Wehrli12,13on the basis of band head measu
ments from low resolution spectra. Lakshminarayana
Sethumdhavan21 have performed a high resolution study
A–X andB–X transitions of GaI. They confirmed the vibra
tional assignments proposed by Miescher and Wehrli12,13

through isotopic shift measurements. The rotational cons
B0 for the B 3P1 state was estimated on the basis of t
separation between theP head and theQ head taken as ban
origin. Reversal of degradation in a sequence and in diffe
branches within a band result in secondary heads, sever
which could not be exactly assigned in the natural GaI
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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both Ga isotopes contribute significantly to the spectrum
order to facilitate vibrational and also rotational analysis,
cently Saksena and co-workers29,30 investigated the emission
spectrum of single isotopic species,71GaI at moderate reso
lution in the 380–450 nm region of the spectrum. The sp
trum of 71GaI was excited using an electrodeless discha
lamp run at 160–180 W microwave power~2450 MHz! and
many new bands not seen earlier were observed.

The A–X vibrational scheme has now been extended
include bands involvingv8,15 andv9,25. TheA–X sys-
tem is predominantly red degraded. In the higher sequen
with Dv524, 25, 26..., 212 only R heads are formed
The B–X system is not as extensive as theA–X system. In
the B–X system the main head is formed by theP branch,
which also has an extra secondary head (P8 head!. The start-
ing of theQ branch near the origin gives rise to a head li
appearance (Q head! and later a secondary head is al
formed. There is yet another head formed by theR branch.
TheB–X band system is, in general also red degraded. M
precise vibrational constants for theA, B, and X states of
71GaI have been reported by Saksenaet al.29 Later the same
group performed the rotational analysis of the 1–0, 0
0–1, and 1–2 bands of theA–X system and 0–0 band of th
B–X system. They determined the rotational constants of
A and B states by a simultaneous least-squares fit of
rotational levels of both states, keeping the ground statB
value fixed to the microwave value. The small value
(Bv8–Bv9) and the relatively large value of (Dv8–Dv9) with
the same sign causes the reversal of the degradation in
same band. Later on Borkowska and Zyrnicki27 reported the
analysis of theA, B 3P0,1–X 1S1 transition of the GaI lying
in the region 370–420 nm. They revised the vibrational nu
bering of the band heads of theA–X and B–X systems of
69GaI reported earlier by Lakshminarayana a
Sethumdhavan21 and determined the precise vibrational co
stants forA, B, and X states of the69GaI using the band
origin data. Borkowska and Zyrnicki27 have also performed
the rotational analysis of the 1–0, 2–1, 0–0, 1–1, 2–2, a
0–1 bands of theA–X system and reported the rotation
constants for theA 3P0 state. These authors also report
reversal in shading in some of the bands of theA–X system.
They also calculated Franck–Condon factors for the band
the A–X andB–X systems. It was observed by both grou
~Saksena and co-workers and Borkowska and Zyrnicki! that
the bands ofA–X system are intense and well develope
whereas the bands ofB–X system are of lower intensity
However, a discrepancy was observed between the molec
constants reported by Saksena and co-workers29,30 and
Borkowska and Zyrnicki.27 The recently reported molecula
constants for GaI are included in Table 7. Most recen
Dutta et al.40 and Yanget al.41 have performed theoretica
calculations for theA–X and B–X systems of GaI and re
ported some spectroscopic constants for the states invol
Dutta et al.40 have performedab initio MRDCI on the low
lying electronic states of GaI. Relativistic effective core p
tentials and spin orbit operators are used in the calculat
They calculated the spectroscopic constantsve , r e , andTe
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for the A, B, andX states and also computed potential e
ergy curves of 12 low-lying states. The ground state dis
ciation energy of GaI has been estimated and the split
among theV components of the3P state are found to be
small. Transition probabilities of the observed transitio
A 3P0–X 1S1 and B 3P1–X 1S1 are calculated from the
calculated wave functions. TheA–X transition has been
found to have a larger transition probability thanB–X as
expected from the experimental observations. The radia
lifetimes of the A and B states are also estimated. Yan
et al.41 have performed DFT~ab initio! calculations to deter-
mine spectroscopic constants of the ground state and ex
states of all gallium monohalides diatomic molecules as
scribed in earlier sections. The spectroscopic constants
tained from their theoretical calculation are given in Table

4.2. The C – X System

The C 1P state in gallium monohalides similar to indium
monohalides becomes progressively less stable as the
of the halogen atoms increases. Thus in GaF, theC 1P state
is a fairly stable state and a transition from this to the grou
state gives rise to an extensive band system. In GaCl, it
very weakly bound state (ve;120 cm21!. In GaBr this state
has a very shallow minimum and in GaI it is a complete
repulsive state. TheC–X system of Ga–monohalides
among the least studied and only a few references are a
able on the spectroscopic study of theC–X system.

4.2.1. GaF

The C 1P –X 1S1 system of GaF consists of discre
bands lying between 205 and 220 nm. This system of G
was initially observed in absorption by Welti and Barrow15

and in emission by Barrowet al.18 These authors also re
ported vibrational and rotational constants for theC state. In
a recent study of GaF, Griffithset al.23 have rotationally ana-
lyzed several bands of theC 1P –X 1S1 system. The vibra-
tional structure shows both red and blue shaded bands a
one of the bands theQ branch shows a double head. The
results are readily explained in terms of the near equality
Be8 and Be9 and the effect of the centrifugal distortion term
The non observation of any bands withv8.5 is explained as
due to predissociation, though no breaking off in the ro
tional structure is noted.23 The predissociation has been us
to estimate the dissociation energy of GaF. TheC 1P state
also shows a potential hump on the order of 0.26 eV.67

4.2.2. GaCl, GaBr, and GaI

Miescher and Wehrli12,13 observed red degraded bands
absorption lying in the region 240–270 nm for GaCl a
fluctuation bands for GaBr in the region 287.4–266.7 n
For GaI they could observe only a continuum at 306.5
corresponding to theC–X transition. Vibrational analysis
brings one significant features in addition to the lack of s
bility of the C 1P state. While thev850 level of theC 1P
state in GaCl is unaffected, thev51 level shows the effec
of predissociation. In the GaBr only some fluctuation ban
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are observed, whose analysis forms a later chapter of
thesis and a potential curve for theC 1P state of GaBr has
been constructed. For GaI theC 1P state is a completely
repulsive state.

As mentioned earlier anab initio study on the ground and
excited states of the GaCl has been reported recently.41b In
this report Yanget al.41b performed theoretical studies on th
C 1P1 state and conclude that the potential energy cu
shape and spectroscopic constants of theC 1P1 state are af-
fected by both the size-extensivity correction and t
avoided crossing rules amongV states of the same symme
try. The C 1P1 state has a very shallow potential we
(vmax8 52). A 3S1 state is crossing with aC 1P1 state. The
lifetime of theC 1P1 state of GaCl is on the order of nano
seconds.

4.3. Other Systems

Recently, a broad emission spectrum in the visible reg
has been observed at 460 nm in GaBr and at 500 nm in G
by Venkatsubramanianet al.5 for the first time. No structure
is seen on the low frequency side while some undulat
fluctuation bands are observed on the high frequency sid
this spectrum. The authors reported that the upper state
responding to this electronic transition is a bound sing
~and triplet! state, while the lower state is theC 1P state,
which is predissociated. These transitions hold the poten
to be developed into an efficient excimer laser medium, si
lar to the laser action obtained in the rare gas halides.

5. Rydberg States

Deardenet al.33 recently reported REMPI spectra of ga
phase gallium monochloride produced with laser light tun
between 330 and 430 nm. The REMPI spectra were p
duced by one, two, and three photon resonances with e
tronic states that reside between 29 500 and 80 000 cm21.
These authors have assigned five Rydberg series of b
involving 20 new electronic states. A summary of the sp
troscopic information known for these electronic states~Ry-
dberg states! of GaCl is given in Table 9. The adiabatic ion
ization potential of GaCl was estimated as 80 540 cm21 by a
least squares fit of the unperturbed Rydberg state orig
This new value supports improved thermochemical calcu
tions for GaCl and GaCl1. Grabandtet al.32 obtained a
slightly lower value of the ionization potential (79 924 cm21!
from photoelectron spectra. These bands originate from
photon resonances from the previously known3P state of
GaCl.

Deardenet al.75b attempted to find correspondence b
tween the REMPI spectra of InCl and GaCl to resolve st
assignment. The analogy with the Rydberg state assignm
between these two molecules was found to be very limit

To the best of our knowledge, Rydberg states for G
GaBr, and GaI have not been reported.
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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TABLE 9. Summary of the spectroscopic information for the Rydberg states of GaCl

State
lorigin

~nm!
REMPI

mechanism Quantum defect
DG1/2

(cm21!
n00 ~obs!
(cm21!

G(5s)1S1 353.10 211 2.86 439 56 625
H(5pp)1P 342.06 211 2.77 497 58 452
I (5ps)1S1 332.81 211 2.68 — 60 076
J(6pp)1P 428.29 311 2.77 386 70 027

K(6ps)1S1 426.69 311 2.73 351 70 289
N(4f a) 408.15 311 0.06 402 73 482
P(4f b) 407.33 311 0.02 409 73 629
7pp 1P 403.19 311 2.78 385 74 385
7ps 1S1 402.06 311 1.70 395 74 595

5f a 394.59 311 0.08 383 76 008
5f b 395.89 311 0.01 387 76 133

8pp 1P 391.95 311 2.78 402 76 520
8ps 1S1 391.29 311 2.69 411 76 648

6f 387.08 311 0.01 — 77 480
9p 385.97 311 2.78 389 77 705
7f 383.35 311 0.01 399 78 235
10p 382.10 311 2.69 — 78 490
8f 380.34 311 20.07 — 78 855
11p 380.09 311 2.81 — 78 906
12p 378.52 311 2.84 — 79 235
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6. Conclusion

The four states,X 1S1, A 3P0 , B 3P1 , and C 1P, are
reasonably well characterized for GaF, GaCl, GaBr, and G
However, even for these states, the potential energy curv
well understood only in the vicinity of the minima~only for
energies less than 15%–20% of the dissociation energy!. Al-
though high resolution electronic spectra of some isoto
cally pure gallium monohalides has been analyzed, more
curate vibrational and rotational analyses are required
these molecules. The ground state rotational constants
well determined from microwave studies but the excit
states need studies involving pure isotopic species for
gallium monohalide molecules.

Another controversial point still needing more study is t
question of predissociation in theC 1P state, since this stat
is involved in the predicted excimer laser transitions in Ga
and GaBr. The predissociating state is not well characteri

Rydberg state information is only available for GaCl. Su
studies are needed for the other gallium monohaldies.
cently, DFT calculations and otherab initio calculations have
been performed for GaF, GaCl, GaBr, and GaI. These ca
lations are limited to the determination of spectroscopic c
stants and these values are often different from experime
values in the case of GaF, GaBr, and GaI. Therefore,
calculations need to be extended to calculate other spe
scopic constants. The accuracy of the calculation needs t
extended for GaF, GaBr, and GaI to calculate other spec
scopic constants.

The dissociation energy for the gallium monohalides h
the same trend as for indium monohalides. However, to b
of our knowledge, thermochemical values ofDe for GaBr,
GaCl, and GaI have not been reported to date. Rece
dissociation energies for GaCl and GaBr are reported. H
J. Phys. Chem. Ref. Data, Vol. 34, No. 1, 2005
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ever, more accurate and updated values for most of th
molecules are required.

A more detailed study regarding UV photodissociation
GaBr and GaI is clearly needed to optimize the performa
of the atomic gallium laser.
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